Abstract Linking species traits to niche properties is fundamental to understand the spatial structure of invasive species assemblages and the invasion process itself. Using information on 74 invasive species in Spain, the aims of this paper are to (1) test whether invasive plant species assemblages follow a nested pattern at the regional scale, (2) inspect the relationship between range size and niche properties (position and breadth) of invasive species to test whether the nested pattern is a product of species niche overlap; and finally (3) examine how species traits of invaders are related to their niche properties. We show that regional invasive plant species assemblages in Spain are organized in nested subsets. Invasive species with restricted range occur in areas invaded by widespread invaders. By relating nestedness metrics to species' niche properties from multivariate analyses, we found that these restricted invaders are less tolerant of broad climatic and landscape conditions than widespread invaders. Finally, regarding the association between niche properties and species traits, we found that species with large environmental niche breadth commonly exhibit non N-fixing strategy, short-life span, and clonal growth, while those with niche position in anthropogenic coastal areas were perennial and clonal species of unintentional and agricultural origin. Using an integrative approach linking the regional spatial structure of invasive plant assemblages, species niche properties and species traits, we were able to understand the potential causes of invasive species distribution in Spain. The approach developed in this research could be easily applied to other areas to disentangle the mechanisms driving invasive species distributions.
Introduction
Lessening the ecological and socio-economic impacts of invasive species requires a comprehensive understanding of the factors driving invasions (Mack 1996; Pyšek et al. 2010) . Invasion ecology has mainly focused on the factors that make either a species an invader (Hamilton et al. 2005; Rejmánek 1995) or a habitat prone to invasion (Pauchard et al. 2004; Pyšek 2004; Stohlgren et al. 2005) . However, these two approaches have been kept separate until recently, when such species have begun to be considered as having a set of intrinsic and extrinsic traits that result invasiveness (i.e. potential to invade) in certain environmental conditions (Jiang et al. 2010; Sax and Brown 2000; Shea and Chesson 2002; Thuiller et al. 2010b ). This integrated approach is fundamental to understanding the composition of invasive species assemblages, because both species properties and recipient habitat characteristics are known to determine the level of invasion in habitats and regions.
From a biogeographic perspective, one might wonder whether certain invaders have very general requirements explaining their large distributional ranges and overlaps, or whether they need specific environmental conditions. This question has seldom been explored. In a general context, a first step would be to investigate if species assemblages are nested at the regional scale. In other words, are species present in species-poor sites only subsets of the species from species-rich sites? In this case, assemblages with few species tend to be made up of the most frequently occurring species, while the least frequently occurring species are not restricted to specific sites but occur in species rich areas. This pattern has been mostly investigated for native animal communities (Wright et al. 1998) , and whether such a nested pattern is also found in invasive plant species assemblages is unknown.
In the case of invasive plants, species distribution could be the outcome of a combination of factors such as minimum residence time (Ahern et al. 2010; Gassó et al. 2010; Phillips et al. 2010; Wilson et al. 2007 ), propagule pressure (Lockwood et al. 2005; Pyšek et al. 2010 ) and species ecological requirements as represented by their realized ecological niche (Thuiller et al. 2005; Vázquez 2006; Jiménez-Valverde et al. 2011) . Although several studies have applied niche theory to invasion biology (Fitzpatrick and Weltzin 2005; Gallagher et al. 2010; Roura-Pascual et al. 2009 ), little effort has been made to establish a link between the physiological, morphological and reproductive attributes of species and their niche properties like niche position (e.g. average position on a given gradient) and niche breadth (e.g. standard deviation around the average position on a given gradient) (but see Kühn et al. 2006; Niinemets 2001; Thuiller et al. 2010a ). The investigation of this topic will enlarge our understanding on the relationship between invader range size (i.e. the size of the distribution area) and species traits (Gassó et al. 2009; Lloret et al. 2005) .
We argue here that the range size of an invader is related to its niche (Brown 1995; Gaston and Blackburn 2000) . A broader niche, for instance, might enable the species to become more successful and to reach large range sizes (Vázquez 2006) . Our hypothesis is that a nested pattern of species assemblages could be the result of a niche overlap among rare and widespread invasive species (Gaston and Blackburn 2000) , and differences among niches might be, in turn, a consequence of differences between species traits (Albert et al. 2010; Thuiller et al. 2004; Vázquez 2006) .
We examined the size of invader plant species' ranges across mainland Spain, their traits and the environmental characteristics of invaded areas in order to (1) test whether invasive plant species assemblages at the regional scale follow a nested pattern, (2) inspect the relationship between range size and niche position and breadth to test whether the nested pattern is a product of species niche overlap; and finally (3) examine if certain species traits are related to niche position or niche breadth, and therefore, are related to a species' potential of becoming widespread.
Methods

Study region
Spain is located in the SW of Europe and occupies 493,486 km 2 . The region has a long history of plant species introductions, enough for many species to be distributed across a wide range of environmental conditions (Sanz-Elorza et al. 2004 ). Due to its geographic, topographic, climatic and geologic heterogeneity, Spain has a high landscape and habitat diversity (Ninyerola et al. 2000; Valladares et al. 2005) , including arid, Mediterranean, temperate and alpine ecosystems, providing a broad environmental range for plant invasions (Gassó et al. 2009 ).
Data set
Invasive species and traits
Data on the distribution of invasive neophytes (i.e. established aliens introduced after 1500) were extracted from the Atlas of Invasive Plant Species in Spain (Sanz-Elorza et al. 2004) . Invasive species are defined following Pyšek et al. (2004) : alien species with self-sustainable populations without direct human intervention that produces offspring at considerable distances from the parent plants, and thus have the potential to spread over large areas. The Atlas contains presence records for over 100 species at a resolution of 10 km UTM (Universal Transverse Mercator) grid, but we restricted the analyses to 74 species found at least in 10 UTM grid cells in mainland Spain. This was made to avoid sporadic species with relatively unknown distributions and to make sure we had enough information related to environmental descriptors. Due to the potential heterogeneity of sampling effort across the country and the consequent difficulty of distinguishing between the absence of invasive species and missing data, the analyses were also limited to UTM cells with at least one invasive species recorded. In order to have comparable pixels with similar land surface, we also excluded coastal UTM cells with a land proportion lower than 60 %. The final number of UTM cells included in the analyses was 2401.
For each species we calculated its range size as the number of occupied UTM cells (Gassó et al. 2010 ) and explored a list of intrinsic (i.e. seed size, clonal growth, longevity, life-form, dispersal and pollination syndromes, and nitrogen fixing capacity) and extrinsic traits (i.e. region of origin and pathway of introduction) that are commonly associated to invasiveness (Pyšek and Richardson 2007; Thuiller et al. 2006) (Table 1) .
Residence time was estimated as the year of first bibliographic or herbarium record in Spain. All the above information was taken from Castroviejo et al. (1986 Castroviejo et al. ( -2000 , Casasayas (1990) , Bolós et al. (1993) and Sanz-Elorza et al. (2004) . See Table 6 in Appendix for the trait values of all 74 species. (Shannon 1948) . Road length (m) and railway length (m) were calculated from maps obtained from the official server of the Spanish Ministry (http://www.cnig.es). We considered these human settlement variables as a measure of human footprint (Sanderson et al. 2002) and as surrogates for propagule pressure (Pyšek et al. 2002) . Mean altitude (m) and altitude range (m) were calculated from the national Digital Elevations Model (DEM) at 100 m resolution (http://www.opengis. uab.es). Mean distance to the coastline (m) was calculated using MiraMon distance algorithms.
Finally, six climatic variables were calculated from the Digital Climatic Atlas of Spain (Ninyerola et al. 2005 ; http://opengis.uab.es/wms/iberia/index.htm), a grid set of 200 m 9 200 m pixel size generated by modelling from the Spanish network of meteorological stations. We calculated the mean values per site of annual temperature (°C), minimum winter temperature (°C), temperature range (i.e. difference between maximum temperature in July and minimal temperature in January), annual rainfall (mm), summer rainfall (sum of the rainfall in June, July and August) and annual solar radiation (KJ m -2 day -1 lm -1 ).
Nestedness in species assemblages
We used a nestedness index to estimate the degree of association among invasive species' occurrences in UTM cells. This procedure aimed at evaluating whether species composition in a given site was random (low nestedness) or species-poor sites were made up by the most frequent invaders from the regional pool (high nestedness). The minimum requirement for nestedness is that sites differ in their suitability, and species differ in their abilities to colonize and persist in them (Ryti and Gilpin 1987) .
To validate the existence of a nested structure among species and sites, we estimated the nestedness index (N) as N = (100 -T)/100, where T is the so-called 'Temperature' index, which measures the site-occurrence matrix disorder with values ranging from 0°to 100° (Atmar and Patterson 1993) . Because we were interested in emphasizing ordered nestedness rather than disordered, we calculated the level of N, with values ranging from 0 (minimum N) to 1 (maximum N). N was calculated using the Nestedness Calculator Software (Atmar and Patterson 1993; Wright et al. 1998) , which reorders the rows and columns of the matrix to minimize the unexpected occurrences, and pack the matrix into a state of maximal nestedness (i.e. sites in descending order of species richness and species in decreasing order of range extension). Then, T is calculated as the sum of squared deviations from the isocline of perfect nestedness of unexpected presences and absences, divided by the maximum value possible for the matrix, multiplied by 100. To assess the significance of T we compared the observed value of T with a benchmark of 500 random matrices provided by a null model in which each cell in the matrix has the same probability of being occupied (Gaston and Blackburn 2000) . This is an efficient way to test if the observed nestedness differed from a random pattern (Wright et al. 1998 ).
Species' niche properties
To separate invader species niches based on species distribution and the environmental variables selected (Table 2) , we used the outlying mean index analysis (OMI, hereafter), a method proposed by Dolédec et al. (2000) and implemented in the ade4 library (Chessel et al. 2004) in R (R Development Core Team 2012). The OMI makes no assumption about the shape of curves of species response to the environment, and gives equal weight to species-rich and species-poor sites. This method determines niche position as the mean location of the species in the environmental space. Therefore, it measures the propensity of the species to select a marginal environment (as opposed to average or common environment where the mean position is close to 0). Niche breadth is calculated as the variability (SD) of the environment used by each species along the main axes calculated from the environmental variables included in the OMI (Thuiller et al. 2004 ).
Species' niche properties as a predictor of range size
The niche concept states a three dimensional relationship between niche position, niche breadth and species abundance or range size in an assemblage (Shugart and Patten 1972) . We modelled range size (i.e. number of UTM where each species is present, log transformed) as a function of niche position and niche breadth on the two main gradients selected by the OMI.
Because species are linked by phylogeny (Harvey and Pagel 1991) , using species as independent data points may inflate the degrees of freedom (Blomberg et al. 2003; Felsenstein 1985) and increase the Type-I error. We thus built a phylogenetic tree for our 74 species. The topology of the supertree was constructed with phylomatic (http://www.phylodiversity.net/ phylomatic/phylomatic.html, Webb et al. 2008 ).
Branch lengths were set by assigning an age to stem family nodes based on Wikström et al. (2001) , and interpolating the remaining branch lengths of the other nodes using the branch length adjustment (bladj) algorithm in Phylocom (Webb et al. 2008) .
To test how species range might be explained by niche properties and minimum residence time, we used generalized least squares models (GLS) controlling for the potential correlation between species associated with phylogenetic history. The variance explained by the GLS model was estimated by extracted the R 2 value from the regression between observed species range and predicted ones from the GLS model. We used the gls function within package nlme in R (R Development Core Team 2012).
Species traits explaining species niche properties
We related species' niche properties (position and breadth) on the two main niche axes to species traits with the same approach than above; i.e. generalized least squares model (GLS) controlled by phylogeny. To measure the actual power of each species trait over niche position and niche breadth, we used a multimodel inference approach (Burnham and Anderson 2002; Link and Barker 2006) on selecting all-subsets of the GLS using the AICc (Akaike information criterion, Akaike 1974) measure. The weight of evidence (w pi ) of each species trait as a predictor of niche position and niche breadth can be simply estimated as the sum of the model AIC weights over all models in which the selected predictor appeared (Brook and Bradshaw 2006; Carboni et al. 2010; Thuiller et al. 2007 ). The predictor with the highest w pi (the closest to 1) gets the highest weight of evidence (i.e. has the highest relative importance) to explain the response variable. This approach based on a set of multiple models is far more robust than inferring variable importance based on a single stepwise selected model (Burnham and Anderson 2002; Link and Barker 2006) . We used the dredge function within the package MuMIn in R to run this overall analysis.
Results
Nestedness in species assemblages
Site-occurrence matrix temperature was 4.85°, which gave a level of nestedness (N) of 0.952. After comparing this value with a benchmark of 500 random matrices, with an averaged T of 29.9°± 0.24 (i.e. a mean nestedness of 0.70), we found that the probability of a random replicate being equally or more nested than our study matrix was less than 0.0001. There was thus a high level of nestedness in the site-occurrence matrix, indicating that the species present in sites with low invasive plant richness were a subset of species also occurring in richer sites.
Species niches properties
The first two axes of the OMI successfully explained 45 and 32 % respectively of the total variability when separating invasive species niches (Fig. 1) . The first axis (anthropization hereafter) summarised a gradient of human transformation. This gradient opposed highly built-up areas in flat lands (i.e. dense coverage of roads and railways) to high altitude areas far from the coast and with a relatively low urban pressure. The second axis (climate-landscape hereafter) opposed forested to cropland areas. Forested areas were associated with cold and humid mountain ranges within relatively diverse landscapes, while croplands were concentrated in lowlands with warm and dry climatic conditions. Species niche positions of invasive species were widely distributed on the environmental ordination diagram (Fig. 1) , mostly on the lowland areas with a high degree of anthropization. The species with a higher level of specialization (i.e. niche position in marginal environments in the study area and narrow niche breadth) had, in general, a nested niche inside the niche of more generalist species (see Fig. 2 for an example).
Species niche properties as a predictor of range size
The generalized least square model of range size as a function of niche position and breadth while accounting for phylogenetic relationships explained almost half of the variation in range size (R 2 = 0.43, p \ 0.0001) ( Table 3 ). In this model, range size was negatively related to position and breadth on axis 1. The species with niche positions close to the average environmental conditions showing small to medium niche breadth, such as Sorghum halepense, Robinia pseudoacacia or Amaranthus retroflexus, were also the species with the largest range size (Fig. 3 , Table 5 in Appendix). Those species do not need to have a large niche breadth to have large range size given they occupy the most widespread environmental conditions. Species with restricted distribution ranges were found in highly human-disturbed places with a relatively wide tolerance over the anthropization gradient (Fig. 3) . In contrast, range size was positively related with niche breadth on axis 2: large range size species were, on average, more tolerant of broad climate and landscape conditions represented by axis 2 (Table 3) . Interestingly, minimum residence time had no influence on species range in respect to niche properties (Table 3) .
Species traits explaining species niche properties
Models accounting for both niche position and breadth on axis 1 explained slightly more variance than models for axis 2 on the OMI ordination ( In general, species niche position over axis 1 representing a gradient of anthropization was mainly conditioned by longevity, N-fixing and clonal growth (Table 4) . Perennial, N-fixing and clonal invasive species occur generally more in highly humandisturbed places close to the coast (Fig. 4) .
Niche breadth over axis 1 was mainly related to pathway, N-fixing and longevity traits (Table 4) . Species with wider niche breadth over the natural to human-disturbed gradient were predominantly introduced for gardening and agricultural purposes, are non N-fixing and biennial species. Reversely, small niche breadth species over axis 1 were predominantly species introduced for silviculture (Fig. 4) .
Niche position over axis 2 representing a gradient from forested to cropland areas was mainly related to N-fixing species and longevity intrinsic traits and pathway of introduction (Table 4) . Unintentionally introduced species, agricultural weeds, and crop plants were those present in the warmest, driest, agricultural areas. Species occurring in such habitats were perennial, non N-fixing species (Fig. 4) .
Finally, species niche breadth over axis 2 was mainly affected by longevity, clonal growth and pathway of introduction (Table 4) . Short-lived clonal species (i.e. annuals and biennials) introduced through agriculture (i.e. crops and weeds) had generally a wider tolerance to different climatic and landscape conditions than the other species (Fig. 4) .
Discussion
Nested pattern and species niches
At the regional scale, invasive plant species assemblages in Spain are organized in nested subsets: species with restricted distribution ranges occur in sites with high invasive plant richness, whereas sites with few species are generally populated by widespread invaders. One of our initial hypotheses was that such a nested pattern could reflect species niche overlap. Here we show that range size is indeed related to niche position and breadth of invaders, suggesting a niche overlap among invasive plant species. However, there are several alternative explanations for this nested pattern. Nestedness might be generated by factors such as passive sampling effect, patch area and isolation, and habitat distribution (Wright et al. 1998 ), or may simply be an artefact of particular species' distributions (Gaston and Blackburn 2000) . In our database, there could be a passive sampling effect Although we based the analysis in a grid cell of constant size (i.e. UTM 10 9 10 km), habitat isolation could also cause nestedness because only species with the highest colonization ability will be able to reach the most remote sites (Conroy et al. 1999; Kadmon 1995) . Finally, the nested pattern of invasive species might also be determined by a similarly nested distribution of the habitat required for these species (Gaston and Blackburn 2000) . We show that all invasive species in Spain have their mean niche position from medium to highly anthropogenic sites, supporting the well-known association between invasion, human disturbance and human-mediated propagule pressure (Botham et al. 2009; Hobbs 1992) . Other studies have also reported that the flora of urbanized areas and their surroundings is usually richer in alien species than natural areas (Carboni et al. 2010; Chocholouskova and Pyšek 2003; Seabloom et al. 2003) . Thus, regionally rare species with restricted ranges are aggregated in highly anthropogenic areas, while widespread species have their niche positions closer to the average prevailing environmental conditions. Coastal areas in Spain have a mild climate and intense human pressures, concentrating tourism, trading and transport centres and, in turn, they accumulate most of the first records of alien species (Gassó et al. 2009 ).
The lack of association between range size and niche position on the climate-landscape gradient (2nd OMI axis) reinforces the idea that invasive species in Spain are not particularly constrained by environmental conditions. Nevertheless, range size was positively related to niche breadth along this gradient, which implies that broader niches in climate and landscape enable a species to become more widespread, as Niche breadth on OMI axis 2 Fig. 3 Relationships between range size of invasive plant species in Spain and niche properties. Only the variables having a significant effect on range size are plotted (niche position on OMI axis 1, niche breadth on OMI axes 1 and 2). The first axis denotes a gradient of human-pressure. The second axis is a gradient of climatic and landscape gradient from mountainous forested areas to lowland croplands. The straight line corresponds to the estimated response of range size to niche properties by the GLS models suggested by other studies (Brown 1995; Brown et al. 1995; Vázquez 2006) . Interestingly, widespread species are not necessarily more tolerant to a wide range of anthropogenic conditions than restricted species, and their mean niche positions are located in sites with moderate human-dominated landscapes. This provides evidence that the intermediate disturbance hypothesis also holds for invader species richness (Hobbs and Huenneke 1992; McKinney 2002) .
Species niches and traits
An overview of the relationship between species niches and traits revealed that some intrinsic Table 1 for trait code and Table 4 for trait importance (bold numbers) (longevity, N-fixing capacity, clonal growth) and extrinsic (pathway) traits are related to niche position and niche breadth. Nitrogen-fixing capacity is commonly related to invasion success because of the competitive advantage that it represents in nitrogen poor soils (Pyšek and Richardson 2007; Thuiller et al. 2006) . However, the ability to fix N is usually at the cost of being specialised to N poor soils (Fitter 1996) . This trade-off explains why N-fixing species mostly occur in coastal areas with high human pressure, where N-rich habitats (i.e. croplands) are scarcer than inland, and exhibit relatively smaller niche breadth in comparison to non N-fixing species that can occur more or less everywhere. Short-lived invasive species occurred in the most widespread environmental conditions and they showed the highest tolerance to climate-landscape variation. Short-lived species have been suggested to be better invaders than long-lived types (Cadotte and Lovett-Doust 2001; Pyšek et al. 1995; Pyšek and Richardson 2007) due to their yearly reproduction or their survival as dormant seeds in adverse conditions (Crawley 1997 ). In our dataset, clonal species are indeed found in many different types of ecosystems (i.e. coastal, human-disturbed, hot and dry places) and have large niche breadth on the second environmental gradients revealed by the OMI.
Extrinsic traits have recently been considered as predictors of invasion success (Pyšek and Richardson 2007; Thuiller et al. 2006 ). To our surprise, the pathway of introduction, a component directly associated to human activity is related to niche position on the climate-landscape gradient rather than to niche position on the anthropization gradient. Species both introduced by agriculture (i.e. crops and weeds) and unintentionally are mostly found in warm, dry agricultural areas; and exhibit larger niche breadth on the climate-landscape gradient than those introduced by other means.
Conclusions
We demonstrate here that linking niche position and breadth with nestedness of species distributions and invader range size can bring insightful lessons. Our analysis reveals that at the regional scale invasive species with restricted distribution do not have specific topo-climatic requirements, but rather occur in human disturbed areas also invaded by generalist and widespread invasive species. The invaders with a restricted distribution range are less tolerant of broad climatelandscape conditions than widespread invaders. With regard to widespread invaders, these are the species invading the average environmental conditions in Spain but not climatically extremes or heavily humandisturbed sites. Those invasion patterns are, in turn, modulated by with specific life-history traits such as longevity, N-fixing capability and clonal growth. 
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See Table 5 . Appendix 2
See Table 6 . Distribution range size was measured as the number of UTM 10 9 10 km where the species was observed, and niche position and breadth were extracted from the 2 main axes of the OMI ordination Ecological niche and species traits 1975 Table 6 Extrinsic and intrinsic species traits for 74 plant invader species in Spain Table 1 for a detailed description of categories
